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INTRODUCTION
G laucomatous optic neuropathy is characterized by progressive loss of retinal ganglion cells (RGCs) and their axons, thinning of retinal nerve fiber layer (RNFL), increased optic disc cup or notching of optic nerve head (ONH), and characteristic visual field (VF) defects. The structural changes are evaluated by ONH changes and peripapillary retinal nerve fiber layer (pRNFL) defects. However, there are a wide range of optic disc and cup sizes, variable configuration of the blood vessels, variable angle of the optic nerve tilt and peripapillary changes in the general population [1] . Variable optic disc size and peripapillary optic disc atrophy can result in errors in measurements of the pRNFL thickness, especially in highly myopic patients [2] [3] . Because 50% of the RGCs are located within the macula [4] and the macula shape is generally less variable than the ONH, macular thickness assessment has been considered for evaluating structural changes of glaucoma. Zeimer et al [5] first suggested imaging of the macula as a potential location for glaucoma evaluation. Macular thickness measurements by optical coherence tomography (OCT) have been shown in previous studies to be significantly thinner in glaucomatous eyes compared to healthy eyes [6] [7] [8] [9] [10] [11] [12] . The RGCs and their axons constitute the inner retina layers and are specifically affected by glaucomatous damage. Because some of the retinal layers are not involved in the glaucomatous process, measurement of the total macular layer (TML) thickness may reduce the sensitivity and specificity for glaucoma diagnosis. Time-domain optical coherence tomography (TD-OCT) measures TML thickness, which includes thickness of all retinal layers. Segmentation of the inner macular layers (IML) may provide better discrimination between healthy and glaucomatous eyes than the TML measurements. With the advent of spectral-domain optical coherence tomography (SD-OCT), higher scan resolution and scan speed have been achieved than TD-OCT, and segment the TML by analysis algorithm software can be also performed. Recent advances in segmentation algorithms have enabled better quantitative macular ganglion cell complex (mGCC) or macular ganglion cell-inner plexiform layer (mGCIPL) assessment for effective diagnosis and evaluation of glaucoma progression [9, [13] [14] . Seong et al [9] reported that mGCC thickness was comparable to pRNFL thickness in glaucoma diagnosis. Kim et al [13] showed that mGCC and pRNFL thicknesses had similar diagnostic performances in detecting early, moderate and severe glaucoma. Jung et al [14] reported that the diagnostic ability of the mGCIPL thickness was comparable to that of the pRNFL thickness in patients with normal tension glaucoma (NTG) or primary open angle glaucoma (POAG). The segmented IML thickness performed better than the TML thickness and was similar to the pRNFL thickness in glaucoma diagnosis.
The commercially available SD-OCTs measure the macular thickness as mGCC or mGCIPL, which consist of macular RNFL, ganglion cell layer, and/or inner plexiform layer, for effective diagnosis of glaucoma. Loss of RGCs was commonly seen in early glaucoma, so segmentation of IML for isolated retinal layer can help for early diagnosis of glaucoma. Spectralis OCT (Heidelberg Engineering, Dossenheim Heidelberg, Germany) provides analysis algorithm which can automatically segment the macular thickness into ten retinal layers. Isolated retinal layer can be measured for assessing of only RGCs or their axons, which are damaged in early stage of glaucoma. Ctori et al [15] demonstrated excellent repeatability and reproducibility for individual measurements of macular layer thickness by Spectralis OCT segmentation software. In this study, we investigated the differences of pRNFL thickness, TML thickness and segmented thicknesses of IML in normal subjects and patients with early stage of POAG and NTG, and evaluated the diagnostic capabilities of all the parameters for early detection of glaucoma.
SUBJECTS AND METHODS
This cross-sectional study investigated 53 patients with POAG, 60 patients with NTG, and 32 normal control subjects who attended the Glaucoma Clinic of Kaohsiung Chang Gung Memorial Hospital. The design of this study adhered to the tenets of the Declaration of Helsinki and was reviewed and approved by the Institutional Review Board and Ethics Spectral-domain imaging was performed with the Spectralis OCT (Heidelberg Engineering, Dossenheim Heidelberg, Germany). The fast RNFL thickness protocol was used for calculating the pRNFL thickness. The scan circle was 3.6 mm in diameter. The pRNFL thickness values were divided into 4 quadrants. The superior and inferior quadrants were further divided into nasal and temporal sectors. The OCT parameters, including global pRNFL thickness and average pRNFL thicknesses in four quadrants were generated automatically in the analysis reports. For TML thickness measurement, retinal thickness map analysis was used to display thickness measurements. The average retinal thickness of 1 mm diameter circle within the central fovea on the Early Treatment Diabetic Retinopathy Study grid was calculated. Two concentric circles with diameters of 3 mm and 6 mm outside the fovea central circle represented the inner and outer sectors of macula, respectively. The concentric circles were further divided into superior, temporal, inferior, and nasal quadrants. The automatic delineation and measurement were used for assessments of TML. After the TML thickness data were obtained, the TML were segmented automatically using the softwareMulti-Layer Segmentation Tools provided by manufacturer of Spectralis OCT to generate the isolated IML ( Figure 1 ). Only image quality of at least 20 was used for this study. Each patient underwent scans to measure the pRNFL and macular thicknesses at the same visit. All examinations were completed within a 6-month period for each patient. If both eye fulfilled the inclusion criteria, only the eye with better OCT image quality was used for analysis. Because the superior and inferior quadrants were commonly affected in early stage of glaucomatous optic neuropathy, we chose the parameters at superior and inferior quadrants for statistical analysis. The superior macular thickness was the average macular thickness of the superior-inner and superiorouter sectors, and the inferior macular thickness was the average macular thickness of the inferior-inner and inferiorouter sectors. Statistical Analysis The characteristics of participants were assessed by using Chi-square test for categorical data and one-way analysis of variance (ANOVA) for continuous data. The Bonferroni's pairwise comparison was used to determine significance between any two of the groups. The one-way ANOVA was also conducted to assess the thicknesses of pRNFL, TML, mRNFL, and mGCL among the groups and the significance between any two of the groups was assessed by Bonferroni's pairwise comparison. The correlations between VF parameters and different retinal layers were analyzed by Pearson's correlation coefficient. Receiver operating characteristic (ROC) curves and sensitivities at 80% and 90% specificity were generated for various pRNFL and macular thickness parameters. An area under the ROC curve (AROC) value of 1.0 represented perfect discrimination, whereas an AROC value of 0.5 represented discrimination no better than chance. The method of DeLong was used to evaluate statistical differences of AROCs between the pRNFL and macular thickness parameters. All the statistics analyses were performed by SPSS statistical software (Version 18.0; SPSS, Inc., Chicago, IL, USA), and the DeLong test was done by Med Calc statistical software (Version 16.8.4). A P value less than 0.05 was considered to be statistically significant.
RESULTS
The mean ages were 57.4±8.3y in the normal control group, 61.5±13.8y in the POAG group, and 60.5±10.6y in the NTG group. The demographic data were shown in Table 1 . The MD and PSD showed significant differences between patients with glaucoma and normal control groups (P<0.0001), but there were no significant differences between the POAG and NTG groups.
All the pRNFL thickness parameters and the TML thickness parameters except the fovea were significantly greater in the normal control group than in the NTG and POAG groups, but there were no significant differences between the NTG and POAG groups. In comparison of the thickness parameters of macular ganglion cell layer (mGCL) among three groups, all except the fovea were significantly greater in the normal control group than in the NTG and POAG groups, but there were no significant differences between the NTG and POAG groups. In comparison of the thickness parameters of macular RNFL (mRNFL) among three groups, the thicknesses of superior-outer and inferior-outer sectors were significantly greater in the normal control group than in the NTG and POAG groups, but there were no significant differences between the NTG and POAG groups ( Table 2) . The correlations between MD and pRNFL, between MD and mGCL and between MD and mRNFL were shown in Figure 2 . The thicknesses of superior and inferior mGCL significantly correlated with MD. The correlations between pRNFL and mGCL and between pRNFL and mRNFL were shown in Figure 3 . Both the mGCL and mRNFL thicknesses significantly correlated with the pRNFL in superior and inferior quadrants (all P≤0.001).
The AROCs for thicknesses of pRNFL, TML, mGCL and mRNFL and sensitivities at 80% and 90% specificity for differentiating early glaucoma from normal eyes were shown in Table 3 and Figure 4 . The AROC for pRNFL showed the highest discriminating ability in global thickness (0.929).
Regarding the TML, mGCL and mRNFL parameters, the inferior-outer sector thickness of mGCL had the highest AROC (0.881). The thicknesses of inferior-outer sectors had higher AROCs than those of inferior-inner sectors in the TML, mGCL and mRNFL thickness evaluation. In comparison of the glaucoma diagnostic capabilities of pRNFL and IML parameters, there were no significant differences between pRNFL and mGCL in the superior and inferior quadrants (P=0.174 and 0.705, respectively). The diagnostic capability of the mGCL thickness was comparable to that of the pRNFL thickness. There were also no significant differences in glaucoma diagnostic capabilities between TML thickness and mRNFL thickness in the superior and inferior quadrants (P=0.289 and 0.928, respectively) ( Table 4) .
DISCUSSION
In the present study, POAG and NTG patients had thinner pRNFL, TML, mRNFL and mGCL thicknesses than normal control group, but there were no significant differences in the pRNFL, TML, mGCL and mRNFL thickness parameters between POAG and NTG groups. Abnormal susceptibility to normal IOP is assumed as the pathogenesis of NTG. Vascular etiologies such as reduced ocular blood flow caused by vasospasm, systemic hypotension, and abnormal blood coagulation have also been proposed as the mechanisms for NTG [16] [17] . Some studies showed that the average, superior and inferior pRNFL thicknesses were thinner in the POAG patients Bonferroni's pairwise comparison. than in the NTG patients [18] [19] . Other studies showed that NTG showed more localized inferior or inferotemporal pRNFL defects compared with POAG [20] [21] . Kim et al [21] compared the mGCC between POAG and NTG patients with MD of -7.70 dB and -7.09 dB, respectively. They found that the mGCC parameters in the POAG group were consistently lower than in the NTG group. They also found that the mGCC loss was more localized in inferior hemifield in the NTG group than in the POAG group. Jung et al [14] compared the mGCIPL between NTG and POAG patients with MD of -5.89 dB and -5.95 dB, respectively. They showed that the superior, superotemporal, and superonasal mGCIPL thicknesses in patients with POAG Inferior total macular layer; inf mGCL: Inferior macular ganglion cell layer; inf mRNFL: Inferior macular retinal nerve fiber layer. were significantly thinner in comparison with those with NTG. As the glaucoma severity increases, the mGCIPL thickness decreases in a localized area in NTG but diffusely decreases in POAG. Firat et al [19] also compared early stage of POAG and NTG and found that there were no significant differences in TML in the four quadrants between the POAG and NTG patients, however, the mGCC was significantly thicker in patients with NTG than in patients with POAG. The different results found in the present study may be attributable to the severity of glaucoma in different studies. Our patients were in very early stage and there were no differences between POAG and NTG in the pRNFL, TML, mGCL and mRNFL thickness parameters, but there may be different structural damages as the disease progresses. Further studies on the pRNFL, TML and IML assessment are required to investigate the relationship between POAG and NTG in different stages of glaucoma.
Analysis of inner macular layers in early glaucoma

Significant structure-function relationships were found in eyes with glaucomatous damages. Leung et al [22] reported a strong association between MD and pRNFL thickness using the Stratus OCT. Horn et al [23] reported significant correlation between pRNFL thinning and VF defect as measured by SD-OCT. Leite et al [24] found that the pRNFL thinning measured Area under the receiver operating characteristic curve.
by SD-OCT was associated with correspondent visual field loss in early glaucoma. Ajtony et al [25] reported that the structurefunction relationship showed strong curvilinear regression in POAG eyes with PSD>1.9 dB and average pRNFL thickness below 70 µm, whereas no correlation was detectable above these values. Moreover, Greenfield et al [12] reported that macular thickness changes correlated with changes in visual function and pRNFL in glaucoma and may be an indicator of RGC loss. The mGCIPL and mGCC thicknesses were also reported to be correlated with the global or regional SAP sensitivity in glaucomatous eyes [13, [26] [27] . In this study, we
found that the superior and inferior quadrants of mGCL were significantly correlated with MD. The structural damage in glaucoma occurs primarily in the RGC and the RGC bodies are predominantly located in the macula, so the structural change in the mGCL thickness significantly correlates with functional loss in VF of the early glaucomatous eyes. Though the thicknesses of pRNFL and mRNFL did not significantly correlated with MD in early glaucomatous eyes in this study, the diagnostic capability of a test becomes better as patients with more severe glaucoma are included.
The measurement of the pRNFL thickness has better diagnostic capability in distinguishing glaucomatous eyes from normal eyes than the measurement of TML thickness. Medeiros et al [28] reported that the pRNFL thickness and ONH assessments had better discriminating abilities than TML measurements. Leung et al [22] showed that the pRNFL thickness performed better than both TML and mRNFL thickness in glaucoma detection and visual function correlation. Bussel et al [29] reported that pRNFL thickness measurement was the most diagnostically accurate analysis for detecting glaucoma, though macular evaluation showed comparable performance. In this study, the pRNFL thickness measurements also had better discriminating abilities than the TML thickness measurements. Glaucomatous optic neuropathy mainly affected the RGCs and their axons. Some retinal layers are not involved in the glaucomatous damage process, so measurement of the TML thickness could reduce the sensitivity and specificity for glaucoma diagnosis.
Regarding the IML for glaucoma diagnosis, some studies reported that the glaucoma diagnostic capability of mGCC or mGCIPL is comparable or superior to that of pRNFL. Seong et al [9] showed that IML thickness had glaucoma discrimination ability comparable to that of pRNFL thickness in patients with early NTG. Jung et al [14] found that the minimum thickness of mGCIPL and the average thickness of pRNFL had the highest AROCs for glaucoma discrimination. Moreno et al [30] found that the mGCC had a similar or even a slightly better ability to discriminate between eyes with early glaucoma and healthy eyes compared to the pRNFL. Kim et al [31] reported that the diagnostic ability of mRNFL and mGCL for detecting glaucoma is high and comparable to that of pRNFL thickness.
Chien et al [32] also found that mGCL appears to be as good as mGCC and mGCIPL in glaucoma diagnosis and the AROC of mRNFL was lower than that of mGCL. In this study, we found that the diagnostic capability of mGCL for detecting glaucoma was comparable to that of pRNFL, and both the diagnostic capabilities of mGCL and pRNFL were superior to that of TML in discriminating early glaucoma. The mGCL is composed predominantly of RGC bodies which are damaged in glaucoma, so measurement of mGCL thickness can have good diagnostic capability for detecting early glaucoma. In this study, the thickness of the TML, mGCL and mRNFL in the inferior quadrant had higher AROCs than in the superior quadrant, and the thickness of the TML, mGCL and mRNFL in the inferior-outer sector also had higher AROCs than in the inferior-inner sector. Mechanism of glaucomatous damage is probably not the same between the upper and lower half of the optic disc. Macular damage is typically arcuate in nature and often associated with local thinning of RNFL which runs toward a narrow area of the disc. This area is susceptible to glaucomatous damage and located largely in the inferior quadrant of the disc [33] . The mRNFL in the inferior arcuate area project to the inferior vulnerable area of optic disc and can be affected in early glaucoma damage. The mRNFL in the superior macula and in the central area of the inferior macula project to the temporal quadrant of the optic disc are less susceptible to damage [33] . The structural vulnerability would have more evident effects in the lower half of the macula, so the inferior quadrants of TML, mGCL and mRNFL were susceptible to glaucomatous damage and had higher AROCs than the superior quadrants. There were some limitations in our study. First, this study is limited by a small sample size. We have calculated the sample size needed for the one-way ANOVA with the three pairwise comparisons between groups. As from the previous data analyzed with thickness of pRNFL measurements of glaucoma patients, we calculated that a sample size of 31 patients for each group would have 80% power and an alpha level of 0.05 (2-sided) to detect a minimum difference between population means at least 15.0 and a standard deviation of 18.0 among the POAG, NTG and healthy control groups. However, with the same estimates and a power of 85%, and an alpha level of 0.05, a sample size of 34 patients is needed for each group. Further studies with a larger sample size can be carried out to provide more statistical certainty. Second, we included only the Taiwanese population and the results might be different in different populations. Moreover, our study was a crosssectional evaluation for patients with early glaucoma. Patients with moderate and severe glaucoma may represent different changes in mGCL and mRNFL. Further studies include different stages of glaucoma are needed to identify the changes in the IML.
In conclusion, there were no differences in thickness parameters of pRNFL and IML between early stage of NTG and POAG. The diagnostic capability of the mGCL thickness was comparable to that of the pRNFL thickness in patients with early NTG and POAG. The inferior-outer sector of IML thickness had a better diagnostic capability than the inferior-inner sector of IML thickness for detection of early glaucoma.
